The 0-1,4-glycanase Cex of the gram-positive bacterium Cellulomonas fimi is a glycoprotein comprising a C-terminal cellulose-binding domain connected to an N-terminal catalytic domain by a linker containing only prolyl and threonyl (PT) residues. Cex is also glycosylated by Streptomyces lividans. The glycosylation of Cex produced in both C. fimi and S. lividans protects the enzyme from proteolysis. When the gene fragments encoding the cellulose-binding domain of Cex (CBDCex), the PT linker plus CBDCex (PT-CBDcex), and the catalytic domain plus CBDCeX of Cex were expressed in S. lividans, only PT-CBDCex was glycosylated. Therefore, all the glycans must be 0 linked because only the PT linker was glycosylated. A glycosylated form and a nonglycosylated form of PT-CBDCex were produced by S. lividans. The glycosylated form of PT-CBDCex was heterogeneous; its average carbohydrate content was -10 mol of D-mannose equivalents per mol of protein, but the glycans contained from 4 to 12 a-D-mannosyl and a-D-galactosyl residues. Glycosylated Cex from S. lividans was also heterogeneous. The presence of glycans on PT-CBDCex increased its affinity for bacterial microcrystalline cellulose. The location of glycosylation only on the linker region of Cex correlates with the properties conferred on the enzyme by the glycans.
It produces several cellulases, two of which, endo-,B-1,4-glucanase A (CenA) and a J-1,4-xylanase/exo-P3-1,4-glucanase (Cex), are glycoproteins: they react with Schiffs reagent and bind concanavalin A (ConA) (21) . Cex comprises an Nterminal catalytic domain (316 amino acid residues) connected to a cellulose-binding domain (CBD; 108 amino acid residues) by a 20-amino-acid linker containing only prolyl and threonyl residues (47, 49) . Cex produced by C. fimi is -50 kDa in size, whereas the recombinant nonglycosylated enzyme produced in Escherichia coli is 47 kDa in size (22) .
There are relatively few reports of glycoproteins produced by prokaryotes. Until recently, the majority of these dealt with components of cell surface structures, for example, the S-layer protein of Halobacterium spp. (43, 51) and Haloferax volcanii (59) and the cellulosomes of Clostridium thermocellum (14) and Bacteroides cellulosolvens (15) . Soluble glycoproteins have been reported for Streptococcus faecium (30) , Mycobacterium tuberculosis (12) , and Streptomyces spp. (31, 45) . The types of carbohydrate-protein (N-and 0-glycosidic) linkages commonly found in eukaryotic glycoproteins also occur in glycoproteins from prokaryotes (11, 37) . A variety of novel sugarprotein linkages and oligosaccharide constituents also occur in prokaryotic glycoproteins (8, 14, 15, 44, 51) .
The genus Streptomyces is a useful host for the production of extracellular proteins from cloned genes (5) . Various cloning vectors and promoters which facilitate gene expression in Streptomyces spp. are available (5, 24) . Some polysaccharidases from Streptomyces spp. and a xylanase and an endoglucanase from Thermomonospora fusca are secreted by Streptomyces spp. (1, 10, 16, 17, 31) . In addition to being secreted, the heterologous proteins Cex from C. fimi and cellobiohydrolase from Microbispora bispora are also glycosylated by Streptomyces lated forms of heterologous proteins.
In eukaryotes, glycosylation affects several properties of I proteins, including folding, transport, physical stability, protease resistance, and biological activity (13, 23, 50, 52) . In native CenA and Cex, the glycans protect the enzymes from proteolysis by a serine protease(s) produced by C. fimi (36) .
The resistance to protease attack increases when the enzymes are adsorbed to cellulose (36) . Cex produced in S. lividans also shows similar resistance to a C. fimi protease (39) . To further understand the role of carbohydrates in these enzymes, the locations of the glycans in Cex produced in S. lividans need to be determined, and the structural features of the glycans need to be characterized. In this paper, we show that glycosylation is confined to the Pro-Thr linker and that the presence of the glycans can increase the affinity of the polypeptides for cellulose.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli JM101 and DH5oxF', S. lividans 66 (TK64), and plasmids pIJ680-cex, pTZEO7 (PTIS), pTLM1, and pUC12-1.lcex (PTIS) were described previously (27, 39, 41, 48, 49, 65) ; PTIS stands for portable translation initiation site, a DNA adapter for the E. coli consensus ribosome binding site, available commercially from Pharmacia. Media and growth conditions. Plasmid-containing E. coli strains were grown in Luria-Bertani broth containing 100 p.g of ampicillin ml -l (53). Recombinant S. lividans strains were grown in either yeast extract-malt extract broth (for preparing protoplasts) or terrific broth (TB) containing 5 p.g of thiostrepton (Squibb) ml-1 (27, 53 pressure liquid chromatography (HPLC) grade. Bacterial microcrystalline cellulose (BMCC) was prepared as described previously (26) . CF1 cellulose was from Whatman. Restriction and modifying enzymes and glycosidases were available commercially and were used according to the manufacturers' recommendations. ,-Glucosidase from an Agrobacterium sp. was prepared as described previously (62) .
DNA manipulations. Isolation of plasmid DNA and singlestranded DNA, preparation of E. coli cells for electroporation, and preparation of S. lividans protoplasts were described previously (27, 53) . S. lividans protoplasts were transformed by polyethylene glycol-mediated DNA uptake (27) . Oligodeoxyribonucleotides for DNA sequencing were synthesized by use of an Applied Biosystems automated DNA synthesizer (model 380A) and purified by butanol extraction (55) . Single-or double-stranded DNA was sequenced by the dideoxyribonucleotide chain termination method with modified T7 DNA polymerase (Sequenase version 1.0) and [a-35S]dATP (54, 60) .
Construction of expression vectors. Plasmid pIJ680-cex was digested with EcoRI and XbaI, filled in with the Klenow fragment of DNA polymerase I (kPol), and then religated to yield pIJ680-cex.1 (Fig. 1) . Plasmids pTZEO7 (PTIS) and pIJ680-cex.1 were digested with BamHI, filled in with kPol, and then digested with HindIII. The 0.85-kbp fragment from pTZEO7 and the 7.4-kbp fragment from pIJ680-cex.1 were ligated to yield pIJ680-CBDcex (Fig. 1) Then, 500-,ul amounts of the culture were transferred to sterile tubes. The mycelium was collected by centrifugation and resuspended in 10% sterile glycerol. The tubes were stored at -70°C. For small-scale production of proteins, the contents of a tube were thawed and transferred to 500 ml of TB supplemented with thiostrepton and antifoam C in a 2-liter baffled flask. The flask was incubated as described above. For preparative-scale production of proteins, a 200-ml culture was grown as described above, but for only 12 to 15 h. The culture was transferred to a 35-liter fermentor (Chemap) containing 20 liters of TB supplemented with thiostrepton and antifoam C. The fermentor was controlled to maintain the temperature at 30°C, the°2 partial pressure at 80% of air saturation, and the pH at 7.2 to 7.5. After a further 30 h of incubation, the mycelium was removed by centrifugation at 31,000 x g (Sharples); the supernatant was stored at 4°C in the presence of 0.02% NaN3 until processed.
Purification of proteins. Proteins were purified by affinity chromatography on CF1 cellulose as described previously (49) . Glycosylated forms of the proteins were separated from nonglycosylated forms by affinity chromatography on ConASepharose (Pharmacia) by use of a fast protein liquid chromatography system (Pharmacia). The loading and wash buffer used was 50 mM Tris-HCl (pH 7.3)-150 mM NaCl-1 mM CaCl2 2H20-1 mM MnCl2 -4H20 (buffer A). Elution was effected by a gradient of 0 to 0.5 M methyl-ot-D-mannopyranoside (Sigma) in buffer A. Ultrafiltration with a polyethersulfone membrane (Filtron Omega series; 1-or 5-kDa nominal cutoff) was used to desalt, concentrate, and exchange the proteins into 50 mM potassium phosphate buffer (pH 7) or water. Proteins were stored at 4°C in the presence of 0.02% NaN3.
Protein analyses. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (34) . Protein bands were visualized by staining with Coomassie blue (42) . Protein concentrations were determined by a dye binding assay with bovine serum albumin as the standard (4). The concentrations of the purified preparations were determined from their A280s with the extinction coefficients obtained for the purified proteins (56) . To determine N-terminal amino acid sequences, proteins were resolved by SDS-PAGE and electroblotted (0.5 A, 30 to 60 min) onto polyvinylidene difluoride membranes (Immobilon; Millipore) (40) . Stained bands were excised from the membranes and sequenced directly by automated Edman degradation with an Applied Biosystems model 470A gas-phase sequencer.
Western blots (immunoblots) were made as described previously with rabbit anti-Cex serum and goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate (Bethesda Research Laboratories) (25) . The detection reagents were 5-bromo-4-chloro-3-indolyl-phosphate (Sigma) and nitroblue tetrazolium dye (Sigma). Western blots were also probed with ConA-horseradish peroxidase (HRP) (Seikagaku), and the bands were detected with an HRP development reagent (BioRad). Protein molecular weight analyses. Predicted molecular weights of proteins were determined from DNA-derived amino acid sequences with DNA Strider (version 2). Relative molecular masses of proteins were estimated by SDS-PAGE. The following proteins were used as molecular mass standards (Bio-Rad): myosin (200 kDa), 3-galactosidase (116 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), soybean trypsin inhibitor (22 kDa), lysozyme (14 kDa), and aprotinin (7 kDa). Prestained SDS-PAGE standards (Bio-Rad) used in membrane blotting were phosphorylase b (106 kDa), bovine serum albumin (80 kDa), ovalbumin (50 kDa), carbonic anhydrase (33 kDa), soybean trypsin inhibitor (28 kDa), and lysozyme (19 kDa).
Mass spectrometry (MS) analyses were done by ion spray MS with an API III atmospheric pressure ionization tandem triple-quadrupole mass spectrometer (SCIEX, Thornhill, Ontario, Canada) and by matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) MS with a Kompact MALDI III mass spectrometer (Kratos Analytical Inc., Ramsey, N.J.). Proteins were analyzed in a matrix consisting of the HPLC effluent for ion spray MS and a matrix consisting of 50 mM sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid) in water-acetonitrile-trifluoroacetic acid (50:50:0.1) for MALDI-TOF MS. The ion spray MS voltage was -5 kV, and the nebulizer gas pressure was 40 lb/in2. The rate of flow into the ion spray MS inlet was S to 7.5 [lI min-l. All experiments were done in a single-quadrupole operating mode with quadrupole 3 of the ion spray mass analyzer. A mass range of 9,500 to 51,250 Da was scanned with a step size of 0.5 Da and a dwell time of 1 ms per mass. For MALDI-TOF MS, equal volumes of the sample (5 pmol ,lI-') and the matrix were combined; 0.5 [LI was applied to a stainless steel target (1 by 2 mm). The sample was allowed to dry at room temperature before insertion into the mass spectrometer. Molecular ions were generated with a pulsed-N2 laser (337 nm) aimed at the target. Ions were accelerated to a final potential of 20 kV before entering a drift tube of 6 cm and were detected with an electron multiplier. The MALDI-TOF mass spectra were obtained from the signal averaging of 50 to 100 laser shots. Mass calibration and conversion to mass/charge distributions were performed with UNIX-based software. Lysozyme (Sigma) was used for internal mass calibration with the signals for singly and doubly charged ions.
Detection and quantification of carbohydrates. Total carbohydrate content was determined by the phenol-sulfuric acid assay with D-mannose as the standard (6) . Glycoproteins were blotted onto polyvinylidene difluoride membranes as described above; the carbohydrate moiety was detected by the periodic acid-Schiff assay (Sigma) (58) .
Carbohydrates attached to the proteins were removed by n-elimination with 0.1 N NaOH. The mixture was incubated at room temperature for 18 to 24 h and neutralized with 5 N acetic acid. The carbohydrates were separated from the proteins by gel permeation chromatography on Bio-Gel P-2 (Bio-Rad) with water. Carbohydrate peak fractions were detected by the phenol-sulfuric acid assay and concentrated by lyophilization. The lyophilized samples were derivatized by (Fig. 2) . The proteins were purified to near homogeneity by affinity chromatography of culture supernatants on cellulose (Fig. 2) . The Mrs, as determined by SDS-PAGE and MS, of CBDCeX and CexAPT produced in S. lividans agreed well with their predicted molecular weights (Fig. 3C) (Fig. 4) . It produced two forms of PT-CBDc,x which were separated by affinity chromatography on ConASepharose (Fig. 5A) . Only the higher-molecular-weight band was glycosylated (Fig. 5B) . The molar ratio of the glycosylated form (SgPT-CBDcex) to the nonglycosylated form (SngPTCBDCex) ("S" indicates that the protein was from S. lividans) was 2:1. The SgPT-CBDI)c preparation contained at least nine glycoforms, each differing by an average mass of 167.0 ± 7.7 Da, i.e., one hexose unit (Fig. 6A) . The glycan moieties of SgPT-CBDcex were heterogeneous, ranging from 685 to 2,000 Da (4 to 12 hexose units) (Fig. 6A) (Fig. 7A) Fig. 2 . See the legend to Fig. 2 for details.
glucose (Fig. 7B, C, ( Fig. 9) . strepton (2, 27 Amino-terminal heterogeneity arising from differential signal peptide processing or amino peptidase activity is fairly common among Streptomyces species used for heterologous gene expression (5) . Cex (39) , CBDcex, and CexAPT produced in S. lividans were heterogeneous, whereas both forms of PT-CBDCex were homogeneous. The Pro-Thr linker presumably forms an extended, rigid region that makes the amino acids attached to it at either end accessible to proteases, such as the signal peptidase and aminopeptidase. The same, however, cannot be said of PT-CBDCex produced in E. coli. All the cleavage sites are characterized by small aliphatic (Ala and Gly) and polar (Ser) amino acids. The Mrs of CBDcex and CexAPT determined by SDS-PAGE agreed well with those determined by MS and from the amino acid composition. The Mrs of PT-CBDCex produced in E. coli, SgPT-CBDCex, and SngPT-CBDCex, however, were inconsistent. The higher MrS obtained by SDS-PAGE probably were a consequence of the highly extended conformation of the Pro-Thr linker. The Mr of the CBD of CenA-Pro-Thr linker is about 4,000 higher than that expected from its amino acid composition (20) .
The expression of gene fragments encoding the different modules of a protein in a glycosylating host allows the localization of the region(s) of glycosylation in the protein. In Cex produced by S. lividans, the Pro-Thr linker is the only glycosylated region. Eukaryotic proteins are often 0 glycosylated in regions rich in hydroxyamino acids (29) . Most of the cellulases from Trichoderma reesei are 0 glycosylated in the linker region joining the catalytic domain and the CBD (33) . To our knowledge, this is the first example of the glycosylation of such a region by a heterologous prokaryotic host.
ot-Mannosidase from jack beans hydrolyzes mannose a1-2, 3, 6 mannose with relative activities of ac1-2 = aL1-6 >> (x1-3 (38) , whereas cx-mannosidase from A. saitoi is very specific for nonreducing terminal mannose al-2 linkages (32). a-Galactosidase from green coffee beans hydrolyzes nonreducing terminal galactose residues linked cx1-3, otl-4, and otl-6 to glycoproteins (46) . On the basis of the activities of these exoglycosidases, it is clear that in SgPT-CBDCex there are 0-linked sugars on the threonyl residues in the Pro-Thr linker and that co-mannosyl residues (possibly otl-6 linked) and terminal cx-mannosyl residues with proximal cx-galactosyl residues are attached to the threonyl residues. Analysis by GC-MS confirmed the presence of both mannosyl and galactosyl residues in the glycan bands isolated from SgPT-CBDc,x. The GC-MS data also showed the presence of glucose, contributing as much as 50% of the total carbohydrate isolated from SgPT-CBDCex. The (22) . Adsorption of a ligand to a matrix could be affected by glycosylation of the ligand. Both Cex from E. coli and CexAPT from S. lividans desorb from CF1 cellulose in water. In contrast, glycosylated Cex from C. fimi and SgCex from S. lividans desorb only in the presence of high concentrations of a denaturing agent, such as GdmCl (22, 39) . Thus, the presence of glycans on Cex prevents its desorption in water. (61) . Mutation of tryptophan residues to alanyl residues in CBDCenA significantly decreases the affinity of the polypeptide for cellulose without perturbation of protein folding (9) . The other explanation may be that SngPT-CBDc,x (29) . The linker region found in some cellulases probably serves to spatially separate the catalytic domain from the binding domain (18) . Unlike the tightly folded globular domains, the prolyl-rich linker regions assume a stiff and extended conformation, exposing such regions to protease digestion (20, 29) . The organism circumvents this problem by attaching bulky sugar groups to the linker, thus making the scissile peptide bond inaccessible to proteases. The protective role of glycans was observed in Cex produced in C. fimi (36) and S. lividans (39) . In addition, the O-glycans in PT-CBDCex may increase the affinity of the polypeptide for cellulose. In contrast, the glycans on the 0-glycosylated region of glucoamylase 1 from Aspergillus niger play a minor role in adsorption to starch. Instead, the 0-glycosylated region forms an extended backbone of fixed length between the catalytic and binding domains (64) . In T. reesei, O-glycans also play a role in the secretion of glycoproteins (33) .
